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Abstract

To investigate the origin and evolution of essential genes, we identified and phenotyped 195 young 

protein-coding genes, which originated 3 to 35 million years ago in Drosophila. Knocking down 

expression with RNA interference showed that 30% of newly arisen genes are essential for 

viability. The proportion of genes that are essential is similar in every evolutionary age group that 

we examined. Under constitutive silencing of these young essential genes, lethality was high in the 

pupal stage and also found in the larval stages. Lethality was attributed to diverse cellular and 

developmental defects, such as organ formation and patterning defects. These data suggest that 

new genes frequently and rapidly evolve essential functions and participate in development.

Essential genes are often portrayed as conserved and ancient (1, 2), whereas younger genes, 

which exist in only one or a few species, have been considered to be more dispensable and to 

perform relatively minor organismal functions (1–4). It is unclear how essential genes arise 

and how new genes accumulate essential functions. New genes arise continuously through 

various mechanisms, such as DNA-based duplication, retroposition, and de novo origination 

(5, 6). When they first arose, new genes were expected to be nonessential because their 

immediate ancestral species were able to survive without them (Fig. 1A). However, little is 

known about their phenotypes and degrees of essentiality.

By comparative genomic analysis of 12 closely related Drosophila species (7), we identified 

566 new genes in the D. melanogaster genome and dated their evolutionary ages through 

phylogenetic distributions (8) (fig. S1). All these genes originated less than 35 million years 

(My) after the divergence from D. willistoni (9), so we called them young genes. To assay 

their phenotypic effects in viability, we obtained Drosophila RNA interference (RNAi) lines 

targeting these genes (10, 11) and excluded RNAi lines with predicted off-target effects and 

lines with detectable phenotypes by P-element insertion, resulting in a set of lines targeting 

195 young genes. Crosses resulting in constitutive silencing of these genes allowed us to 

assay the phenotypic effects on viability in the F1 generation (8) (fig. S2).
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Unexpectedly, 59 of these genes were lethal under constitutive RNAi knockdown (Table 1 

and tables S1, S3, and S4). We confirmed lethality in most of the genes (93%) with different 

driver constructs (table S6, part I). Although the efficiency of gene knockdown by different 

drivers might vary, the phenotypic consistency indicated a low false-positive rate (<7%), 

consistent with previous estimates (10). Moreover, for the genes with multiple RNAi lines 

from independent upstream activating sequence–inverted repeat (UAS-IR) constructs or 

independent transformations that insert into different chromosomal locations, we repeated 

the crosses with these lines and found that 45 of 47 (96%) genes showed similar viability 

phenotypes between lines (table S6, part II), ruling out positional effects or construct effects. 

Furthermore, in deficiency libraries, lines deleting these genes are homozygous lethal, 

although a deletion block can be large and can contain other genes (12). Furthermore, 

several genes in the list (table S1)—HP6 (CG15636), CG12842, and spn2 (CG8137)—were 

found to be lethal using various gene disruption methods, including P-element disruption, 

RNAi with independent constructs, and misexpression assays (13–15). Therefore, we found 

59 young genes that are essential for viability (Table 1 and table S1), a conservative number 

due to false negatives because RNAi does not reduce the mRNA level to zero (10). These 59 

genes encode diverse protein domains with fundamental molecular and cellular functions, 

including putative transcription factors and/or nucleic acid–binding proteins, peptidases, G 

protein–coupled receptors, protease inhibitors, nicotinamide adenine dinucleotide–binding 

proteins, ribosomal proteins, and molecular chaperones (tables S2 and S8).

The proportion of essential genes in D. melanogaster is estimated at ~25 to 35% (2, 10, 16). 

We compared the rates of lethality between old genes and young genes using the same 

genesilencing methods (8). Among randomly chosen old genes, 35% (86 of 245) were 

essential for viability (Table 1), which was statistically similar to the 30% (59 of 195) 

essential young genes (two-tailed Fisher’s exact test, P = 0.3, Table 1). These data suggest 

that young genes are as essential as old genes in terms of viability.

We analyzed the age distribution of young essential genes by mapping the origination events 

of these 59 genes onto the Drosophila phylogenetic tree (8). We found that essential genes 

emerged throughout the evolutionary period examined (Fig. 1B and table S2). The youngest, 

p24-related-2 (CG33105), arose within the last 3 My and is thus D. melanogaster–specific 

(table S2). In each age group, the proportion of genes that are essential was around 30% 

(Table 1), suggesting that whether or not a gene is essential is independent of its age. These 

data reveal that the proportion of newly arisen essential genes reaches a plateau within a few 

million years. Reminiscent of the Walsh model, a new duplicate gene can quickly evolve a 

novel and important function by accumulating advantageous mutations (17), especially in 

the species with large effective population sizes, such as Drosophila (18). These 

observations may explain why duplicate genes are as essential as singletons (19–22), 

although most genes examined in these mammalian studies are relatively ancient.

We investigated the native gene expression patterns of these genes with D. melanogaster life-

cycle time-course expression profiling (23). Interestingly, most of the 59 genes we identified 

are highly expressed at the late larval stages (L2 and L3) or during metamorphosis; some 

genes are also expressed during the embryonic and L1 stages (fig. S4), which suggests that 

their gene products are subject to transcriptional regulation during the life cycle.
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We examined the developmental stages in which lethality occurs under constitutive silencing 

and found that lethality occurs at various developmental stages (Fig. 2). The vast majority 

(47 of 59, 80%) of the young essential genes consistently showed lethality during pupation; 

four new genes (CG11466, CG33459, CG6289, and CG8358) showed lethality at larval 

stage, whereas a few other genes show lethality at both larval and pupal stages, which we 

termed mixed-stage lethality (Table 1 and tables S1 and S5). About 50% of old genes are 

lethal during pupation, and the other half are lethal at earlier stages, because many early-

stage developmental genes are conserved (10) (Table 1). In comparison, young genes are 

highly enriched in pupal lethals (Table 1; Fisher’s exact test, two-tailed, P = 9 × 10−4). These 

data suggest that new genes have evolved essential functions in larval and pupal 

development, and frequently regulate development in the pupal stage, with 10% or more 

regulating the development in the larval or even embryonic stages (table S1) (13).

Examination of metamorphosis failures of pupal lethals demonstrated several distinct 

classes. The majorities (37 of 47, 79%) of pupal lethals were classified as class I (i.e., 

pharate lethal; complete pharates formed but failed in the final steps of pupal development 

and/or eclosion), with only a few falling into class II (pupae development aborted at the 

prepupal or early pupal stage, without proper formation of rudimentary heads or early leg 

structures) or class III (development failed over multiple stages, including prepupal, early 

pupal, late pupal and/or complete pharate stages) (tables S1 and S5 and fig. S3). These data 

suggested that young essential genes tend to play vital roles in middle or late stages of 

development, with a few cases in early stages.

We applied a tissue-specific loss-of-function (LOF) analysis to wing and notum 

development to investigate specific underlying defects (8). Under tissue-specific RNAi, 

almost every young essential gene we examined showed visible morphological abnormalities 

that were distinct in range, position, affected cell type, severity, and penetrance (Fig. 3 and 

table S7). Several types of canonical cellular and developmental defects were observed: (i) 

gross morphological defects in the overall shapes of the wing or notum (Fig. 3A and table 

S7); (ii) cell misdifferentiation or cell fate switching, as seen in loss of bristle cells or 

ectopic bristles (Fig. 3, B and E); (iii) tissue necrosis or death (Fig. 3C); (iv) tumor 

formation in the scalar region of the notum or tip of the wing (Fig. 3D and table S7); (v) loss 

of asymmetric anterior-posterior wing patterning (Fig. 3E), a classical developmental 

phenotype (24); and (vi) a possible signaling defect resembling the Notch phenotype in the 

wing (Fig. 3F). These data revealed that when the normal expression patterns of these new 

genes were disrupted, the development of the adult organs was affected. Taken together, 

knocking down young genes led to stage-specific termination of developmental processes as 

well as morphological defects. The developmental phenotypes of the lineage-specific genes 

indicate that different species likely have evolved distinct genetic components for their own 

development. The young gene HP6 in the D. melanogaster subgroup species is one such 

example (table S1) (13).

The vast majority (56 of 59, 95%) of young essential genes were generated through gene 

duplication, including DNA-based duplication and RNA-based retroposition (Fig. 1, B to D, 

and table S2). These new duplicates often show novel chimeric gene structures, including 

new coding regions and untranslated regions (Fig. 1, C and D, fig. S1, and table S2). The 
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protein sequences of these genes have drastically diverged from those of their parental 

copies, with a median divergence of 47.3% (table S2). A few (3 of 59) young essential genes 

originated de novo (Fig. 1, B and E, and table S2). In general, the proportions of new genes 

that are essential do not differ significantly among the three types of origination 

mechanisms: 32% (50 of 156) for DNA-based duplication, 26% (6 of 23) for RNA-based 

retroposition, and 19% (3 of 16) for de novo origination (table S9, P > 0.4).

Young essential genes appeared predominantly autosomal (57 of 59), with only two X-

linked (table S2). Only 15% (2 of 13) X-linked genes examined were essential for viability, 

compared with the ~30 to 35% observed for both young and old autosomal genes (fig. S5), 

which suggests that X-linked genes are less likely to be essential for viability (two-tailed 

Fisher’s exact test, P = 0.047).

Sequence evolution (8) shows that young essential genes have higher protein substitution 

rates (fig. S7A; two-tailed Fisher’s exact test, P = 5 × 10−8) and higher Ka/Ks ratios (ratios 

of the rate of amino acid substitution to silent substitution) than their parental genes (fig. 

S7B; Wilcoxon rank test, P = 0.03), likely caused by either relaxation of functional 

constraint or positive selection. We measured the proportion of substitution under positive 

selection (α) by comparing between-and within-species variation (8). We found that old 

essential genes were highly constrained with a highly negative α (−1.48) (fig. S8). The 

essential genes aged 11 to ~35 My have a slightly negative α (−0.32), significantly higher 

than the previous group (likelihood ratio test, P < 0.01) (fig. S8). The youngest essential 

genes (<11 My) have a positive α (+0.25) (fig. S8), significantly higher than the two 

previous groups and their parental genes (likelihood ratio tests, P < 0.01). These analyses 

reveal adaptive evolution with young genes and increased purifying selection as genes 

become older, similar to the pattern of Adh-duplicated new genes (25).

We finally investigated the viability phenotype of the parental genes with available RNAi 

lines (table S10) and retrieved the phenotypic information of several additional genes from 

previous studies (10). We summarized the essentiality relationship between parental gene–

new gene pairs and found that the parental gene of a young essential gene can be either 

essential or nonessential, and vice versa (tables S10 and S11). These data suggested that a 

new essential gene can rise from either an essential or a nonessential parent (given that it 

represents the ancestral state of essentiality) and that either essential genes or nonessential 

genes can give rise to each type of gene. These processes appeared to be relatively 

independent (table S11, Fisher’s Exact test, two-tailed, P = 0.296).

A previous case study of the sterile phenotype of a paternal-effect gene suggested that genes 

essential for fertility could arise in 10 My (26). Our observation of lethal phenotypes caused 

by the knockdown of young genes suggested that essential vital genes have been frequently 

generated in recent evolutionary periods. A new gene might not have become essential 

immediately after its origination. It, however, can integrate into a vital pathway by 

interacting with existing genes, and such interaction would be optimized by mutation and 

selection. This coevolution may lead to the new gene becoming indispensable. This 

observation is supported by our modeling (8) with large-scale interaction data (27, 28), 
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revealing genome-wide interactions of young essential genes with many previously 

unrelated genes (fig. S6).

The mechanism for the evolution of essentiality would change with the types of new genes. 

A de novo gene has to evolve essentiality through neofunctionalization because it has no 

ancestral template. A duplicated gene, generated from an ancestral copy of its parental gene, 

could become essential from the loss of parents, or from the switch of essentiality from 

paralogs, or through subfunctionalization (29). However, in our data set, the vast majority of 

the young essential genes have detectable older and conserved paralogs (table S2) and 

experienced rapid sequence evolution (table S2 and Fig. S7). The prevalent gene structure 

renovation (table S2), together with the independence between parental gene essentiality and 

new gene essentiality (table S11), support the neofunctionalization origin of essentiality for 

most new protein-coding genes, many of which may contribute to the lineage-specific 

developmental program.

Supplementary Material
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Fig. 1. 
Origin of new essential genes during recent evolution in Drosophila. (A) Schematic 

representation for the hypothesis for the origin of a new essential gene. The ancestral species 

D is immediately before the new gene X originated. (B) Number of young essential genes in 

major evolutionary periods [D/R and A represent DNA/RNA-based duplicate genes and de 

novo genes with examples in (C) to (E), respectively]. The subtotal for a particular 

mechanism, including both essential and nonessential genes, is also shown as a denominator 

in B. Green, yellow, red and boxes represent exons in the parental genes, young genes, and 

recruited chimeric regions, respectively. Dashed lines represent paralogous duplicated 

regions.

Chen et al. Page 7

Science. Author manuscript; available in PMC 2020 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Staging lethality of gene silencing by fluorescence tracking. Living flies with RNAi–green 

fluorescent protein dual constructs are shown for six major D. melanogaster developmental 

stages: L1, first instar larva; L2, second instar larva; L3, third instar larva; EP, early pupa; 

PH, pharate (late pupa); A, adult. (Right) Genotypes of the flies. (Left) Stage of lethality. 

N.S., no flies of this genotype survived to this stage.
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Fig. 3. 
Representative cellular and developmental defects. Representative tissue-specific LOF of 

young essential genes leading to (A) defects in notum scutellar morphologies, (B) irregular 

bristle patterning and loss of bristles, (C) necrosis and tissue death at multiple places in the 

notum, (D) tumor formation at the junction between scutum and scutellum, (E) loss of 

asymmetric patterning with mirror-like wings and ectopic bristles, and (F) possible signaling 

defect with wing notches. Genotypes of flies are shown above each image, with scale bars in 

the lower right corners. Yellow arrowheads point to particular phenotypic defects.
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